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Abstract

Over the last twenty years major software and hardware developments in brachytherapy treatment planning, intra-
operative navigation and dose delivery have been made. Image-guided brachytherapy has emerged as the ultimate con-
formal radiation therapy, allowing precise dose deposition on small volumes under direct image visualization. In this
process imaging plays a central role and novel imaging techniques are being developed (PET, MRI-MRS and power
Doppler US imaging are among them), creating a new paradigm (dose-guided brachytherapy), where imaging is used
to map the exact coordinates of the tumour cells, and to guide applicator insertion to the correct position. Each of these
modalities has limitations providing all of the physical and geometric information required for the brachytherapy work-
flow. Therefore, image fusion can be used as a solution in order to take full advantage of the information from each modal-
ity in treatment planning, intraoperative navigation, dose delivery, verification and follow-up of interstitial irradiation.
Image fusion, understood as the visualization of any morphological volume (i.e. US, CT, MRI) together with an addi-
tional second morphological volume (i.e. CT, MRI) or functional dataset (functional MRI, SPECT, PET), is a well known
method for treatment planning, verification and follow-up of interstitial irradiation. The term image fusion is used when
multiple patient image datasets are registered and overlaid or merged to provide additional information. Fused images
may be created from multiple images from the same imaging modality taken at different moments (multi-temporal
approach), or by combining information from multiple modalities. Quality means that the fused images should provide
additional information to the brachytherapy process (diagnosis and staging, treatment planning, intraoperative imaging,
treatment delivery and follow-up) that cannot be obtained in other ways. In this review I will focus on the role of image
fusion for permanent seed implantation.

J Contemp Brachyther 2010; 2, 3: 98106
DO 10.5114/jco.2010.16920

Key words: brachytherapy, image fusion, prostate cancer, seeds.

findings, making it an attractive image modality for
brachytherapy dosimetry [4-11]. Various experiences
using MRI for permanent seed implantation have been
reported [12,13]. On the other hand, recent technological
advances in radiology and nuclear medicine gave us more
understanding of the topography and metabolism of
tumours. Functional imaging will open a new dimension

Purpose

Modern brachytherapy relies on modern imaging
techniques. With the advent, twenty years ago, of CT-based
dose planning a more detailed knowledge of the dose-
volume relationship in brachytherapy was possible. How-
ever, this knowledge was only partial due to the poor
resolution of CT for target volume delineation when appli-

cators are in place and the lack of temporal information of
organ motion, very important in brachytherapy due to the
marked gradients involved in dose delivery.

In prostate seed implantation, transrectal ultrasound
(TRUS) provides adequate imaging of the soft tissue
anatomy but it does not allow for robust localization of
the implanted vectors. Various researchers have tried to
use TRUS to segment the seeds in permanent prostate
brachytherapy, with varying results [1-3].

Magnetic resonance imaging (MRI) can overcome some
of the limitations inherent in CT and US. MRI offers a three-
dimensional (3D) dataset, arbitrary multiplanar recon-
struction and better soft-tissue resolution with good corre-
lation with TRUS-based evaluations and pathological

to optimize radiation therapy, including brachytherapy [14].
Image fusion, understood as the visualization of any
morphological volume (i.e. US, CT, MRI) together with an
additional second morphological volume (i.e. CT, MRI) or
functional dataset (functional MRI, SPECT, PET), is a well-
known method for treatment planning, verification and
follow-up of interstitial irradiation. In this review I will
focus on the role of image fusion for permanent seed
implantation.

Image fusion in brachytherapy

Medical imaging has gained influence and is nowadays
a fundamental tool in brachytherapy. Almost every aspect
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of patient management in brachytherapy involves multi-
modality imaging. Imaging is used for diagnosis and stag-
ing, for treatment planning, for intraoperative navigation,
treatment delivery and for monitoring patients after
brachytherapy. Whereas computed tomography (CT) is
the primary modality for treatment planning in brachyther-
apy, other modalities such as magnetic resonance imaging
(MRI), either morphological or functional, positron
and single photon emission computed tomography (PET
and SPECT) and ultrasound imaging (US) are often used
in combination for treatment planning refinement [15,16].
On other occasions, those image modalities can be used
intraoperatively for image guidance [17]. Magnetic reso-
nance imaging provides excellent soft tissue contrast,
allowing superior delineation of normal tissues and
tumour volumes [18]. Functional MRI, SPECT and PET
provide unique metabolic information capable of resolv-
ing ambiguities in anatomical image data and can quanti-
fy partial organ function [19]. Ultrasound imaging provides
real-time volumetric information for delineating organ
boundaries for both treatment planning and treatment
delivery, and is the base image for prostatic brachythera-
py. New developments in ultrasound imaging such as elas-
tography or power Doppler open a door to intraoperative
functional imaging [20].

The data from all these modalities help the radiation
oncologist to develop a more complete description of the
patient’s disease. Each of these modalities alone, however,
does not provide all of the physical and geometric infor-
mation required for brachytherapy planning. Therefore, in
order to take full advantage of the information from each
modality, image fusion is a well-known method for treat-
ment planning, verification and follow-up of interstitial
irradiation [21].

The term image fusion is used when multiple patient
image datasets are registered and overlaid or merged to
provide additional information [22]. Fused images may be
created from multiple images from the same imaging
modality taken at different moments (multi-temporal
approach), or by combining information from multiple
modalities. The goal of image fusion is to integrate comple-
mentary information from different patient datasets into
one new image containing information the quality of which
cannot be achieved otherwise. Quality means, in this
context, that the fused images should provide additional
information for the brachytherapy process (diagnosis and
staging, treatment planning, intraoperative imaging, treat-
ment delivery and follow-up) that cannot be obtained in
other ways.

General technique for image fusion

The process of image fusion involves two main tasks.
The first task is to estimate the parameters of the coordi-
nate transformation that relates homologous points in the
two studies (dataset registration). The second task is to
apply the resultant transformation to map structures or
features of interest from one study to another (structure
mapping) or to directly combine greyscale data from the
two studies (image fusion) [21].

Dataset registration

This is the process to estimate the coordinate transfor-
mation relating homologous points in two imaging stud-
ies. The general approach is to plan a method of measur-
ing the degree of mismatch between homologous features
in two datasets and to use standard numerical methods to
determine the transformation parameters that minimize
(maximize) this value. Attributes used to compute this
value are typically geometric structures (homologous
points, lines or surfaces or combinations of these) extract-
ed from the datasets or the native greyscale data. The
situation is more difficult when the anatomy involved is
not rigid (non-rigid dataset registration). In these cases,
a more complicated transformation involving a larger num-
ber of degrees of freedom is required for registering the
data adequately. Organ deformation due to applicator
placement or the use of invasive imaging modalities
(transrectal probes for ultrasound or magnetic resonance
imaging) makes non-rigid registration needed for planning
image fusion protocols for brachytherapy [23].

Structure mapping and image fusion

Once the transformation relating imaging studies is
calculated, data relating to one study may be integrated
or fused with those of another. There are two methods
to achieve this integration. The first method, called struc-
ture mapping, involves mapping the outlines for the vol-
umes of interest from one study to the other. The second,
called image fusion, involves transforming and reformat-
ing image data from one study to match the orientation
and scale of another study, which allows for simultaneous
visualization of greyscale information from corresponding
anatomical planes.

Quality assurance of image fusion

The process of image fusion described above requires
verification of the results. Quality assurance is indeed
a critical point before routinely implementing image fusion
in the patient workflow in radiation oncology [24].

The American Association of Physicists in Medicine
(AAPM) Task Group 53 Report outlined general commis-
sioning and routine procedural quality assurance (QA)
checks to be used for treatment planning [25]. They also
stated that multimodality image registration is a complex
area and required further development and its own task
group. A task group (TG 132) was created by the AAPM
to review the techniques for image registration, to identi-
fy issues related to clinical implementation, to determine
the best methods to assess accuracy, and to outline issues
related to acceptance and QA.

Image fusion quality assurance requires objective met-
rics for image registration evaluation. Phantom testing
determines algorithm variations and calibration limits.
However, phantoms do not completely capture other fac-
tors affecting image registration algorithms, such as vari-
ations in slice thickness, resolution, distortion, noise, and
patient movement [26-28]. Setup variations and irregular-
ity of patients are limiting factors that can be reduced by
cross-comparison of redundant structures. When objective
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metrics are not calculable, quality assurance can be
addressed through qualitative assessment. This can include
image overlay and side-by-side comparison.

In conclusion, phantom-based quality assurance can
confirm performance of imaging devices, registration soft-
ware, and network storage and retrieval, but visual checks
ensure consistency between patient cases. This requires
logical, sequential, and reproducible processes to eliminate
the possibility of human error.

Image fusion for post-implant dosimetry

Control of the delivered dose with seed implantation
has been more elusive than that with external beam radio-
therapy (EBRT), because of its uncertainties [29-33]. Post-
implant dosimetry is a standard tool for assessing implant
quality. Currently, both the ABS (American Brachythera-
py Society) and the AAPM (American Association of Physi-
cists in Medicine) recommend the execution of post-
implant dosimetric analysis for all patients undergoing
permanent seed implantation [31-34]. The post-implant
dosimetry permits the documentation of the actual dose
delivered to the prostate and the OAR. Secondly, the cal-
culated dosimetric parameters create a “learning curve”
and help to refine the technique. Data obtained from post-
implant dosimetry can be used for future clinical outcome
analysis. Finally, post-implant dosimetry allows the com-
parison of clinical datasets from various institutions, and
consequently a quality control tool for multicentric clini-
cal trials [35].

At present, CT-based post-implant analysis is the most
commonly used method for carrying out quantitative dosi-
metric evaluations. Stock et al. [33] found a dose-response
relationship for I-125 prostate implants using CT-based
dosimetry, identifying a cut-off value of 140 Gy predicting
prostate-specific antigen (PSA) relapse-free survival. In
a recent comprehensive review of CT-based dosimetry
parameters and biochemical control including 790 patients
treated with permanent seed implantation, Potters et al.
[32] found a cut-off value of 90% of the prescribed dose
predicting PSA relapse-free survival. Wallner et al. [36] also
showed that CT-based dosimetry can predict which
patients are at higher risk of radiation-related morbidity.

However, the determination of the dose delivered to the
target and to the OAR is highly dependent on how accu-
rately the target volume is defined in the CT image set [34],
making accurate and reproducible delineation a key point
when evaluating seed implant quality by means of dose-
volume histogram (DVH) analysis. Although Badiozamani
et al. [37] reported high consistency between TRUS and
CT-based prostate volumes, several studies have observed
discrepancies in prostate volume, as outlined by TRUS,
MRI and CT, showing difficulties in differentiating the
prostate gland from periprostatic tissues when using CT
[31,38-40]. Several studies have reported significant dif-
ferences in inter- and intra-observer accuracy in outlining
the prostate on CT images [41-46]. Due to the very small
difference in density, the prostate gland is not well resolved
from other adjacent soft tissue structures, usually result-
ing in prostate volume overestimation with respect to the

TRUS-based volume used to plan the implant. Critical
prostate interfaces to outline in CT images are: the poste-
rior portion of the prostate/anterior wall of the rectum, the
postero-apical prostate/anterior portion of levator ani mus-
cles and neurovascular bundles/ prostate gland [38,39,47].
Narayana ef al. [38] using two different approaches for pre-
planning seed implantation (CT vs. TRUS-based) found
a significant difference with CT volumes, markedly greater
(+47%) than TRUS volumes. For EBRT, Roach ef al. [39]
compared prostate volumes defined by MRI and CT in
20 patients. On average, the mean prostate volume was
32% larger for CT compared to MRI, corresponding to an
average 8.7 c.c. larger prostate. Kagawa et al. [48] also
reported a mean 26% overestimation when delineating
prostate with CT images compared to MRI images. Rasch
et al. [49] in their inter-observer study report CT-derived
prostate volumes larger than MRI-derived volumes
(median overestimation, 43%), especially in the directions
of the seminal vesicles and of the apex of the prostate.
Merrick et al. [50] reported 25% overestimation of prostate-
only (without margins) volume when using CT-based cal-
culations on day 0 post-implant. Lee et al. [51] reporting
their experience in prostate seed implantation found
a median CT overestimation of prostate gland volume
compared to pre-implant TRUS of 31% for post-implant
dosimetry being calculated 30 days after the implantation.
In their centralized multicentric post-implant analysis,
Bice et al. [52] reported a CT/TRUS ratio ranging between
2% and 74% (median value not available) with post-
implant CT scans having been taken between day 1 and
day 30 after the implantation.

MRI has a better soft-tissue resolution and MR-image
based contours correlate better with TRUS-based evalua-
tions and pathological findings, making it an attractive
image modality for brachytherapy dosimetry [5,7-11]. Also
a better inter-observer reproducibility has been described
for MRI [43]. However, the signal in MRI-T2 weighted
imaging is not so good to allow an easy and reliable iden-
tification of the seeds. Additionally, MR facilities are not
usually available for radiotherapy treatment planning and
its use is restricted to a few centres with limited cost-effec-
tiveness. Several authors have reported their results with
MRI-based dosimetry. Moerland et al. [53] analysed
21 patients undergoing I-125 seed implantation. Dosimet-
ric calculations were made within the first three days
after the implantation matching cross-sectional MRI images
with isocentric radiographs for seed identification.
The accuracy of the fusion process was acceptable.
The DVH-based V100 was on average 60% = 10% [32 to
71%]. Dubois et al. [54] report the first MRI-only-based
post-implant results. Using an optimized MRI sequence
that accentuated the artefact produced by the sources
providing good target definition, they reported the results
of a comparison of CT-based dosimetry with MRI-based
dosimetry in 20 patients. They found a good agreement
between the two techniques, with no statistical difference
between volumes at the prescription isodose. They report
no differences in either prostate volumes or in the DVH-
related parameters for the two image modalities used.
Prete et al. [55] reported a comparison in dosimetric out-
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come for 15 patients undergoing seed implantation, using
both CT and MRI-based dosimetry. There was an overesti-
mation of prostate volume as determined from MRI of
about 9% larger than CT. DVH-related V100 was 78.6% for
the MRI group vs. 79% for the CT group (p = 0.208). The
surprising differences in volume from MRI to CT are attri-
buted to the more subjective nature of visualizing the
prostate contour on CT as opposed to MRI images, result-
ing in a smaller, and perhaps erroneous determination of
CT volume.

To overcome the seed identification problems in MRI-
based dosimetry, CT-MRI image fusion was first suggest-
ed by Amdur et al. [56] as a sophisticated way of assessing
the quality of a prostate seed implant. Other authors have
reported results using CT-MRI fusion protocols for post-
implant dosimetry evaluation [48,49,53,56-64]. Polo et al.
reported that CT/MRI fusion-based dosimetry allows accu-
rate determination of the prostate size and significantly
improves the dosimetric evaluation when compared with
CT-based dosimetry [61]. McLaughlin et al. report that
T2-weighted MR images provide superior prostate defini-
tion to T1-weighted images and T1-weighted fat satura-
tion images [58].

Image fusion techniques for dynamic dose
calculation

Dynamic dose calculation represents a paradigm shift
in dose prescription and specification and source delivery
for permanent seed implantation. It will mirror the image-
guided radiation therapy (IGRT) paradigm in EBRT in that
an intended prescription dose is adaptively “painted” to
a changing 3D target volume. This process of ‘dose paint-
ing” may result in alteration of a previously accepted iso-
dose distribution and total implanted activity at any time,
until the end of the procedure when a satisfactory dose
delivery is achieved. In comparison to interactive planning,
dynamic dose calculation relies on full 3D dose planning
based on the real position of the delivered seeds. Instead
of having interactive dose calculations based on a surro-
gate for the seed, dynamic dose planning will constantly
update dose distribution using continuous deposited seed
position feedback. It will account for seed migration,
needle motion and misalignment and prostate gland
changes in shape and volume [65].

Sometimes, the difference between interactive planning
and dynamic dose calculation is difficult to address. Some-
times, what is called dynamic dose calculation by some
authors is in fact interactive planning after a careful read-
ing of the method described in the corresponding article.
Dynamic dose calculation relies on continuous deposited
seed feedback. It requires specific technology with the
potential to constantly update calculations of dose distri-
bution (dynamic dose calculation) as the implant proceeds.
It is essential that the exact seed position is known in three
dimensions. Improvements in imaging are thus required,
as TRUS image degradation with time is a major issue that
impairs seed visualization. The advantage of dynamic dose
calculation is its potential to adjust the treatment plan to
account for intra-prostatic seed migration as each seed is

deposited and for the potential displacements of dropped
seeds, caused by changes in the prostate position and
volume during the implant procedure from oedema or
trauma. Currently it is not commercially available. It is not
yet possible to track individual deposited seeds reliably,
and have this information imported back into the treat-
ment planning system in real time. Methods have been
described that register dropped seeds with ultrasonogra-
phy or fluoroscopy, with adjustments to treatment plans
made accordingly [66].

Several workflows have been outlined for dynamic dose
calculation [67,68]. Lee et al. [68] describe the intraopera-
tive dynamic dose optimization (IDDO) algorithm.
The general scheme for performing IDDO consists of three
steps: first, at some point during the implant, coordinates
of implanted seeds are identified. Second, seed images are
projected onto the reference frame of the ultrasound
images for planning; and finally the plan is reoptimized.
An optimal treatment plan is first obtained based on ini-
tial operating room-acquired ultrasound images. The intra-
operative dosimetric evaluation is based on the fusion
between ultrasound images and 3D seed coordinates
reconstructed from fluoroscopic projections. With real-time
treatment planning, it is possible to dynamically reopti-
mize treatment plans to account for actual seed positions
(as opposed to planned positions) and needle-induced
swelling to the gland during implantation. Postimplant
analysis showed that the final seed configuration resulting
from the IDDO method yields improved dosimetry (com-
plete coverage and good conformity, thus sparing excess
radiation to critical tissues).

Intraoperative dosimetric quality assurance in prostate
brachytherapy (dynamic dose calculation) critically
depends on discerning the 3D locations of implanted seeds.
The ability to reconstruct the implanted seeds intraopera-
tively will allow us to make immediate provisions for dosi-
metric deviations from the optimal implant plan. However,
the current technology needs further development in order
to track seeds reliably. Currently available possibilities for
seed tracking include: pure intraoperative TRUS-based
tracking, TRUS-fluoroscopy fusion and intraoperative
cone-beam CT.

Dynamic dose calculation based
on TRUS-fluoroscopy fusion

Fluoroscopy was first used as a solo guidance modali-
ty for brachytherapy and other minimally invasive percu-
taneous procedures [1]. Mobile C-arms are ubiquitous in
contemporary prostate brachytherapy and C-arm fluo-
roscopy is considered as the gold standard for intraope-
rative visualization of brachytherapy seeds. Some authors
have described the combined use of TRUS and fluo-
roscopy, to create a reliable method for intraoperative seed
capture and dosimetry optimization. Combining their
images by spatial co-registration (fusion) offers the poten-
tial for a practical intraoperative dosimetric assessment.
TRUS offers the ability to identify the prostate gland, and
fluoroscopy can provide the data needed to perform 3D
seed reconstruction. However, TRUS-fluoro intraoperative
dosimetric analysis is yet to become a standard of care
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across hospitals. This is in part because of the workload
involved in this procedure. On the other hand, digital
C-arms with encoded rotational joints are expensive
machines that are not widely available. Finally, there are
some unresolved technical problems: first, C-arm distortion
correction and calibration; second, C-arm pose tracking; third,
seed segmentation; fourth, seed matching and reconstruc-
tion; and finally, registration of C-arm to TRUS images.

Su et al. [69,70] describe a fluoroscopic to TRUS fusion-
based approach for intraoperative prostate brachytherapy
dosimetry. Seed images were identified from multiple
fluoroscopic images and reconstructed to determine the
3D distribution. Seeds identified from the TRUS images
were used as fiducials for the registration between fluoro-
scopic and TRUS images. Less than 0.2% error in the D90
value was observed using the TRUS-fluoroscopy image-
fusion-based method relative to the CT-based post-implan-
tation dosimetry. However, in the phantom study, an aver-
age distance of 3 mm was observed between the seeds
identified from TRUS and the reconstructed seeds at
registration. This registration error can be improved by
using more sophisticated registration algorithms that have
outlier rejection capabilities, since artefacts in the TRUS
images can be mistaken as seeds. Due to the fact that the
correspondence of seeds between TRUS images and fluo-
roscopic images cannot be easily established, the number
of seeds identified from TRUS should be large enough to
represent the seed distribution for meaningful registration.
Considerable human interaction is needed for the seed
image identification process to remove false positives in
the segmentation results. False positive seed images iden-
tified from the fluoroscopic images will cause false posi-
tives in the reconstructed 3D seeds. Although the seed
reconstruction algorithm can compensate for the unde-
tected seeds due to overlapping seed images, it does not
have the capability of eliminating false positives. Another
source of false positives is caused by the action of the seed
reconstruction algorithm whereby a single seed image may
be reused more than once. A more advanced technique is
needed to reduce the likelihood of generating false posi-
tives and detect all the implanted seeds.

French et al. [71] present a new approach for intraope-
ratively computing dosimetry for prostate brachytherapy.
The approach uses transrectal ultrasound (TRUS) and
fluoroscopic images. The radiation oncologist manually
registers the intraoperative TRUS images with the TRUS
images from the preoperative volume study. Next, the
fluoroscopic and TRUS images are registered using a sin-
gle fluoroscopic image of the TRUS probe. The C-arm is
not moved during the procedure and all images are
acquired from the same C-arm angles. The needles are then
inserted using the needle guide and using visual feedback
from TRUS. Before the needle is retracted, the needle tip is
located in the TRUS image, and, using the known entry
point of the needle in the needle guide, a needle path is
interpolated. Fluoroscopic images of the patient’s coronal
plane are acquired throughout the procedure. After the
acquisition of each fluoroscopic image, the (x,z) coordi-
nates of the implanted seeds are located in the image and
back-projected to the TRUS image frame. Then, the y-coor-
dinate of each seed is computed using the (x,z) coordinates

of the seeds and the interpolated needle path. The coordi-
nates of the seeds are used to compute and display dosime-
try with respect to the TRUS images. This allows the radia-
tion oncologist to modify the preoperative plan to reflect
the actual location of the implanted seeds. The radiation
oncologist returns to inserting needles, repeating the
above-described steps until all the needles have been
inserted. The authors present clinical results of 5 patients
implanted with the dynamic dose calculation described
above. Values for D90 were very high (mean 201 Gy, range
143.3-265.4 Gy) and target coverage ranged from 85.5 to
100% with a mean value of 93.1%. For more accurate
results, the authors issued intraoperative seed motion
tracking and intraoperative oedema and present a method
to achieve such tracking.

Gong et al. [72] investigate the feasibility of performing
intraoperative dosimetry for prostate brachytherapy by
fusing transrectal ultrasound (TRUS) and fluoroscopic data.
Prostate phantoms were implanted with seeds, and four
needles were inserted to create a reference system.
The coordinates of these needles were determined in
the TRUS frame of reference. The 3D needle tip positions
were also calculated in the fluoroscopic coordinate system
using a seed reconstruction method. The transformation
between the TRUS and fluoroscopy coordinate systems
was established by the least-squares solution using the
singular value decomposition. The mean fiducial registra-
tion error was 0.8 mm and the test target registration error
was 1.1 mm. Alternatively, the comparison between the
proposed method and CT-based dosimetry yielded a per-
centage of prostate volume receiving 100% and 150% of
the prescribed minimal peripheral dose and minimal dose
received by 90% of the prostate gland that agreed within
0.4%,2.7%, and 4.2%, respectively. Using the proposed
algorithm, the authors conclude that fusion between TRUS
and fluoroscopic images can be used for intraoperative
seed update and dosimetry optimization.

Jain et al. [1] explore the MARSHAL approach for the
matching between 3D clouds of seeds and tracked ultra-
sound images. The authors propose a method for seed
reconstruction from segmented C-arm fluoroscopy images.
Using three presegmented images, matching and recon-
struction of brachytherapy seeds using the Hungarian
algorithm achieved complete matching in simulation
experiments, and 98.5% in phantom experiments. Three-
dimensional reconstruction error for correctly matched
seeds has a mean of 0.63 mm, and 0.9 mm for incorrectly
matched seeds. The maximum seed reconstruction error in
each implant was typically around 1.32 mm. Both on syn-
thetic data and in phantom experiments, matching rate and
reconstruction error achieved using presegmented images
were found to be sufficient for prostate brachytherapy.

The underlying assumption of the previously reported
papers has been that the coordinates for all the seeds are
known, allowing intraoperative dosimetric update. How-
ever, segmentation algorithms are accurate segmenting
seeds that are fully visible, leaving some other seeds
unidentified, due to overlapping or poor ultrasound imag-
ing. Thus the coordinates of unidentified seeds will not be
available, resulting in some degree of dosimetric uncer-
tainty [73]. This is an extremely important issue with
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clinical relevance. While some researchers have reported
the number of hidden seeds to be between 7% and 45% of
the total seeds, others have noticed only about 2-3% in their
clinical data [1].

Combining intraoperative fluoroscopy with transrectal
ultrasound is a very attractive modality for computing
dynamic dosimetry for permanent seed implantation.
However, it will not be viable unless it explicitly solves this
problem. Solutions could arrive either from more precise
segmenting algorithms, from improved ultrasound moda-
lities, or from manufacturing novelties making seeds more
eco-visible.

Dynamic dose calculation based on TRUS-CBCT
fusion

Flat-panel imager-based cone-beam computed tomo-
graphy (CBCT) is a strong candidate technology for intra-
operative imaging in image-guided procedures such as
brachytherapy [74,75]. The soft-tissue imaging perform-
ance and potential navigational utility have been investi-
gated by several authors both in pre-clinical and in clinical
situations. In image-guided permanent seed implantation,
soft-tissue imaging performance and seed detection could
satisfy the imaging and navigation requirements. The
demonstrated soft-tissue visibility, excellent spatial reso-
lution, low imaging dose, and convenient form factor make
C-arm-based cone-beam CT a powerful new technology
for image-guidance applications, including brachythera-
py, vertebroplasty and neurosurgery.

Siewerdsen et al. [76] describe the development of a mul-
timode C-arm fluoroscopy, tomosynthesis and cone-beam
CT for image-guided interventions in a wide range of clini-
cal situations (neurosurgery, orthopaedics, spine surgery
and radiotherapy). The key feature of the system is the inte-
gration of imaging, navigation, registration and display.
The system has been tested from pre-clinical models to
Ppatient protocols: resection of palpable breast lesions, tho-
racic surgery (resection of superficial lung nodules, inter-
ventional radiology (guidance and evaluation of stent
placement) and brachytherapy (guidance and verification
of radioactive seeds in the prostate). In each application,
the C-arm platform and multi-mode imaging functionali-
ty could offer a potentially significant advance over exist-
ing image-guidance approaches. This system offers some
advantages, including patient access due to the open geo-
metry, low radiation doses (facilitating repeat intraopera-
tive scanning), portability (allowing service to multiple
operating rooms), and low cost (relative to CT or MRI).

In a small study with 20 patients, Westendorp et al. [77]
studied the feasibility of C-arm cone-beam computed
tomography based postplanning and subsequent adapta-
tion of underdosed critical areas by adding sources during
permanent seed implantation. The proposed workflow was
as follows: after finishing the implant, a CT study was
made using the cone-beam CT C-arm unit following
removal of the TRUS probe from the rectum. The 3D
dataset was sent to the treatment planning system. Seeds
were segmented in the CT images. With the patient still on
the treatment couch, the delineated TRUS study was reg-
istered on the CT with labelled fiducials. The registration

was performed using a least-squares algorithm allowing
the marked positions to translate and rotate as a rigid body.
The implanted fiducial markers were used as reference posi-
tions to align the TRUS and CT datasets. After registration,
the root mean square of the distance between the corre-
sponding fiducials in the TRUS and CT dataset was 0.8 mm
on average. After the registration and the identification of
all source positions from the CT image set, DVH analysis
was performed. If the dosimetry was deemed satisfactory,
the patient was discharged. Identification of sites with cov-
erage deficiency led to the adoption of a corrective plan and
the placement of remedial seeds. An average of four seeds
were needed in the reported series. The position of the
simulated remedial sources was specified according to the
ultrasound targeting grid coordinates, just as in the original
standard procedure planned preoperatively. The patient
was prepared for reimplantation. The remedial seeds were
implanted after the correction plan and the reimplant pro-
cedure was completed. A final cone-beam CT C-arm was
obtained. The TRUS scan made after the first implantation
procedure was registered on the CT images obtained, using
the same procedure as used after the first implantation,
resulting in final Day 0 dosimetry for the corrected implants.
The entire procedure was scheduled to involve a time not
exceeding 90 min. Using this approach, the authors describe
an improvement in the DVH-related parameters. For V100,
the pre-corrected value was 83% of the target volume com-
pared to 90% for the finished, corrected implant. For D90,
the pre-corrected value was 95% of the prescription dose,
rising to 100% once the patient was re-implanted. Finally, it
has to be pointed out that the proposed workflow cannot be
considered dynamic dose calculation, strictly speaking,
because the seed tracking is dissociated from the implanta-
tion itself.

Active research

Active research is being done to bring dynamic dose cal-
culation into the current clinical routine. However, some
additional features are required for a full implementation.
First, seed positions should be captured in real time.
Second, the dosimetric update should be based on deposit-
ed seed location. Third, intraoperative prostate motion and
shape and volume changes due to motion, swelling or
bleeding should be accounted for. Finally, post-implant
dosimetry is ideally performed at the end of the procedure,
allowing final modifications before the patient exits the
operating room.

Functional imaging and permanent seed
implantation

Over the last few years, the use of molecular imaging
has become increasingly popular in oncology, opening
a new dimension to management for patients with cancer
[78]. The potential role of functional imaging in radiation
oncology can be broadly divided into four main areas [79].
First, functional imaging is emerging as a powerful tech-
nique in radiation treatment planning, assisting in target
delineation [80]. Second, functional imaging would help
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in the modulation of the dose to the target volume (dose
painting by numbers). Third, it can be used in assessing
radiobiological processes during and after radiotherapy -
referred to as “radiodynamics”. Finally, functional imag-
ing can be utilized for in vivo predictive testing and in
assessing the response to radiation therapy.

Recent advances now allow highly specific and sensi-
tive detection of cellular and molecular events non-inva-
sively. Theragnostic imaging for radiation oncology aims
to map in three dimensions the distribution of a tumour,
tissue, or functional feature, and to provide information
about the clinical response of tumours or healthy tissues
to radiotherapy [16]. In solid tumours, the aim is to pro-
vide images of phenotypic or microenvironmental
characteristics known to affect the clinical response. Most
research has been done to detect tumour burden and clono-
gen density, tumour hypoxia or proliferation. New mark-
ers will allow us to probe specific genetic pathways rele-
vant to radiation therapy.

In the new paradigm (dose-guided brachytherapy),
imaging is used to determine the coordinates of the tumour
cells, and to guide applicator insertion to the correct posi-
tion. To map cancer cells, a number of new imaging modal-
ities have been developed in the last years: PET, MRI-MRS
and power Doppler US imaging are among them. All those
image modalities give twofold information: morphologi-
cal on one side and metabolic on the other. Combining
the two different aspects it is possible to define areas where
it is likely that a tumour burden is present, or certain
hypoxic areas, or areas of repopulation or intrinsic
radiosensitivity load. Those areas are supposed to be liable
to be boosted by high-precision modalities. In this setting,
brachytherapy will offer the intrinsic advantages already
mentioned. The rapid fall-off of the dose would serve to
precisely sculpt the dose around these sub-volumes. This
process is known as dose painting, as we can paint the dif-
ferent dose levels we want to achieve within the target
volume. Correlation studies with pathological specimens
are needed to check for spatial and temporal stability.

Imaging is also required for precise deposition of the
prescribed dose. Beyond CT-based 3D planning and US
needle guidance for prostate implantation there is a brand
new field of "dose guidance" in which the brachytherapist
can see in real time the relationship between the planned
dose, the applicator and the anatomical volumes of inter-
est. Different tools can be used (CT, MRI, US), each adapt-
ed to different clinical situations. Ultrasound is very suit-
able in the circumstances where brachytherapy is
performed. It can be intraoperative, it is fast, there is no
radiation exposure to the staff, it is cheap and it would
allow direct visualization of the applicator and the intend-
ed dose overlaid together with anatomical and functional
information. Fused images based on US could help the
brachytherapist to precisely place the radioactive sources,
according to the treatment plan.

Conclusions

Over the last twenty years major software and hardware
developments in brachytherapy treatment planning, intra-

operative navigation and dose delivery have been made.
Image-guided brachytherapy has emerged as the ultimate
conformal radiation therapy, allowing precise dose depo-
sition on small volumes under direct image visualization.
In this process imaging plays a central role and novel imag-
ing techniques are being developed (PET, MRI-MRS and
power Doppler US imaging are among them), creating
anew paradigm (dose-guided brachytherapy), where imag-
ing is used to map the exact coordinates of the tumour cells,
and to guide applicator insertion to the correct position.

Each of these modalities has limitations in providing all
of the physical and geometric information required for the
brachytherapy workflow. Therefore, image fusion can be
used as a solution in order to take full advantage of the
information from each modality in treatment planning,
intraoperative navigation, dose delivery, verification and
follow-up of interstitial irradiation. Image fusion integrates
complementary information from different patient datasets
into a new one giving additional information relevant to
the brachytherapy process.

The new paradigm in brachytherapy relies on the new
image modalities for tumour mapping and dose guidance.
Image fusion will be used in certain situations, as there is
no “perfect” image modality for every step of the bra-
chytherapy workflow. Brachytherapy will obtain a clear
advantage from this modality that could translate into bet-
ter treatments, more conformal to the target volume, more
dose-intense, and less toxic to the surrounding tissues.
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